brain hemodynamics 5, 6 and functional connectivity 7 in rodents with high spatiotemporal resolution and unique sensitivity. However, the limited transparency of the skull to ultrasound waves necessitates the removal of the bone and application of the ultrasound probe directly above the tissue, bathed in ultrasoundconductive saline, in an immobile, anesthetized animal.
brain hemodynamics 5, 6 and functional connectivity 7 in rodents with high spatiotemporal resolution and unique sensitivity. However, the limited transparency of the skull to ultrasound waves necessitates the removal of the bone and application of the ultrasound probe directly above the tissue, bathed in ultrasoundconductive saline, in an immobile, anesthetized animal.
To unfold the potential of fUS, we extend the technique to awake and mobile rats (mobile fUS, mfUS). Furthermore, we combine recording of cerebral hemodynamics at high spatiotemporal resolution and sensitivity with simultaneous monitoring of neuronal activity through EEG. Our integrated experimental setup relies on a set of technological advances: an ultrasoundpermeable skull prosthesis; a lightweight ultrasound probe; a motorized head-mounted probe holder; an electrode implantation procedure; and a software environment for synchronized acquisition, playback and analysis of these multimodal signals.
We present the details of this experimental framework below ( Fig. 1) and then demonstrate two applications (Fig. 2) . We first searched for the functional correlate of theta rhythm, involved in brain area communication during spatial navigation tasks 8 . Second, we explored the neuronal and metabolic manifestations of spontaneous generalized, nonconvulsive, absence epilepsy seizures, as their initiation and generalization across brain areas remain debated questions [9] [10] [11] .
To prepare rats for mfUS, we developed a new surgical procedure ( Supplementary Figs. 1 and 2 ) that allows for chronic recording sessions (Fig. 1a) . Craniotomy of the parietal and frontal skull bones (15 mm anteroposterior (AP) × 14 mm mediolateral (ML)) exposed the dura mater. For EEG purposes, we implanted intracranial stereotaxic electrodes, either hippocampal ( Supplementary Fig. 3 ) or cortical, and anchored them at the edges of the window, with their connector fixed to the back of the head. Finally, a polymer prosthesis was sealed in place of the removed skull. Polymethylpentene film of 125-µm thickness offered the best image quality compared to polyvinyl chloride, polyoxymethylene, Udel polysulfone and polycarbonate, for available thickness in the range of 75-250 µm, and provided good mechanical resistance and low permeability. Thus, we could access the cortex and deep structures with a larger and deeper field of view and improved sensitivity over those provided by earlier cranial thinning procedures 7 . Three nuts used as attachment points for the probe holder were sealed above the nasal bone and lateral to the interparietal bone, and the animal was allowed to recover. For ultrasound recordings, we used a miniature ultrasound probe (18-mm radius, 25-mm height) mounted on a lightweight headanchored adjustable holder (18 We developed an integrated experimental framework that extends the brain exploration capabilities of functional ultrasound imaging to awake and mobile rats. in addition to acquiring hemodynamic data, this method further allows parallel access to electroencephalography (eeG) recordings of neuronal activity. We illustrate this approach with two proofs of concept: a behavioral study on theta rhythm activation in a maze running task and a disease-related study on spontaneous epileptic seizures.
In vivo brain activity recordings can help unravel the mechanisms underlying complex behaviors and pathologies. Ideally, both neuronal activity and metabolic events are captured in the most natural conditions, when the subject is awake and freely moving. An increasing awareness exists that major issues of neurophysiology need to be addressed with such global approaches. For example, the basic mechanisms involved in functional network dynamics and pathologies including epilepsy can be deciphered only if the electrographic and metabolic components are sensed concomitantly 1, 2 . However, the multiple feedback loops between electrographic and metabolic signals have mainly been tackled separately because of a lack of appropriate methods for accessing them together, thereby prompting the development of multimodal strategies.
In practice there is a compromise between the size of imaging field, time resolution, sensitivity, separability of processing and metabolism, and physical constraint on the animal. Electrophysiology and, as was more recently shown, optical techniques 3, 4 can record neuronal activity in the mobile animal, yet sampling is limited by electrode size and light diffraction. In contrast, functional magnetic resonance imaging (fMRI) records brain-wide metabolism, with trade-offs in sensitivity and resolution and at the cost of subject immobilization or animal sedation 1 . Functional ultrasound imaging based on ultrafast Doppler processing (fUS) offers a way to monitor
The device was fixed to the head while the animal was under short isoflurane anesthesia, with contact gel applied between the probe and prosthetic skull. The holder was motorized ( Supplementary  Fig. 6 ) to explore consecutive planes, without direct interaction between the experimenter and the animal, and could be locked for maximum stability.
We first recorded from rats walking along a linear maze to address how brain-wide networks activate during periods of hippocampal theta rhythm, which is a major mechanism proposed for intracerebral cross-area processing in episodic memory and spatial navigation tasks 8 . Healthy Sprague Dawley rats (n = 8) ran on a 2.25-m-long, 0.2-m-wide linear track to obtain a water reward. A single ultrasound imaging plane included the dorsal hippocampus, cortex with somatosensory areas, and thalamus. In order to temporally resolve hemodynamics as the animal crossed the maze, we used a 'burst-mode' ultrasound sequence ( Fig. 1b and  Supplementary Fig. 7 ), acquiring fUS compound frames at 500 Hz for 12 s. Acquisition was triggered when the animal turned around, and it was followed by a 40-s lapse to collect the data. For EEG recordings, we used hippocampal electrodes during this set of experiments. As expected, hippocampal theta was consistently associated with locomotion. Distance traveled over time was shorter (56-64%) than in control untethered, surgery-free rats (P < 10 −6 ; Supplementary Fig. 8a,b and Supplementary Tables 1 and 2 ). Yet, maximum speed was only slightly slower for the initial 15 min, with a nonsignificant (P = 0.6) difference of 1% thereafter.
In this experiment, single-pixel variations in the fUS images, relative to average baseline when the animal was at rest, ranged npg from −30% to +60% (Fig. 1b) , whereas brain area averages reached −10% to +20% (Fig. 2b) . As expected, theta-band intrahippocampal EEG power peaked at top animal speed, which was coincident with crossing the middle of the maze, with a mid-height theta peak width of 3.2 ± 0.3 s (±s.d., n = 8). In order to quantify functional activation during the task, we computed the maps of Pearson's correlation coefficient between power in the theta band and pixel intensity, for varying time lags (Fig. 2a) . Averaging pixels across anatomical areas revealed hyperperfusion in the somatosensory cortex, dorsal thalamus and hippocampus, and hypoperfusion in the ventral thalamus. These correlations were consistent with fUS signal time course (Fig. 2b) . Hyperemia peaked at 0.7-1.5 s following the peak of hippocampal theta, which is consistent with signaling cascades that adapt blood flow to cognitive demand during the task 12 . The occasional asymmetry that we observed between the left and right cortical hemispheres may correlate with functional dominance 13 . Overall (Fig. 2c) , our data reveal a pattern of combined hippocampal and widespread cortical activation in a short time window together with coordinated thalamic suppression during the navigation task. This pattern is consistent with observations in alert and still animals, in the context of a conditioning protocol 14 . In these instances, thalamic activity is suppressed during hippocampalcortical interaction involved in episodic memory operations. In the present locomotion task, the dorsal thalamus was activated while the ventral thalamus was suppressed simultaneously.
In a second experiment, we scanned through the brain of an epileptic rat to address the heterogeneous alterations in neurometabolic coupling during hypersynchronous seizure activity 2 . We recorded spontaneous generalized absence seizures from bilateral cortical bipolar electrodes in genetic absence epilepsy rats from Strasbourg (GAERS, n = 12). We quantified both the relative time spent seizing and seizure duration, and we found no significant (P = 0.3 and P = 0.98, respectively) difference between EEG only and EEG-mfUS conditions ( Supplementary  Fig. 8c,d and Supplementary Table 3) . For this experiment, we used 'continuous-mode' ultrasound acquisition ( Fig. 1c and Supplementary Fig. 7) , alternating between 200 ms to acquire In a,d the cross-correlation Pearson's R coefficient is color coded according to the scales below. Significant pixels are shown for P < 10 −2 (Student's t-test with Bonferroni correction). S1, somatosensory cortex; T, thalamus; CPu, caudate putamen; H, hippocampus. npg brief communications one compound mfUS image and 2.8 s of processing. Multiple imaging planes were scanned for 10-15 min each.
In this experiment, we also found individual pixel changes ranging from −30% to +60%, relative to seizure-free baseline (Fig. 1c) , whereas averaging over seizure-associated areas revealed changes from −10% to +20% (Fig. 2e,f) . We found distinct patterns of correlation across structures along the AP axis. Hyperperfusion in the somatosensory cortex and thalamus was concomitant with hypoperfusion in the caudate putamen and no variation in the hippocampus. Although absence seizures are generalized throughout neocortex, vascular alterations showed spatial compartments, and lateralization in the frontal primary sensory cortex perfusion was observed in half of the animals (6/12 rats). Furthermore, the sensitivity of mfUS enabled the observation that consecutive seizures with a similar bilateral cortical EEG profile could display a distinct bilateral or unilateral perfusion course (Fig. 2e) . Comparing the dynamics of cortical and thalamic areas coupled to seizure (Fig. 2f) revealed synchronous oscillations in the perfusion pattern. Thus, the responses we observed across anatomical structures (Fig. 2g) are compatible with EEG-fMRI experiments that found inversed electrographic-hemodynamic coupling between the cortex and caudate putamen 15 and with time-resolved EEG-near-infrared spectroscopy experiments indicating blood flow fluctuations around seizures initiation 16 . Having superior temporal and spatial resolution among these techniques, mfUS further points to cortical decoupling between electrographic activity and perfusion, with both static and transient components, in naturally occurring seizures.
We have developed a methodology that captures the hemodynamic state of the brain over its whole depth along with its electrographic activity in awake, mobile rats over repeated and prolonged periods of time. Despite the small size and weight of the probe, holder and cable, the system limits the distance and environment that the animal can explore, similarly to multichannel microdrive tetrode systems. Another limitation is a potential contribution of a locomotion effect to brain perfusion, for instance due to higher heart rate during running. Absence seizures correspond to animal freezing and still showed strong variations in hemodynamics. Furthermore, such a locomotion effect is expected to be uniform across brain areas, but we found both increases and decreases in perfusion, even in the running task. Thus, we exclude a locomotion effect in the tasks presented here, although it may become apparent during intensive locomotion activity.
We demonstrated how this methodology applies to both cognitive and pathological questions. Thus, substantial progress was achieved in observing the interplay between metabolism and neuronal electrical activity that governs global brain equilibrium. Whereas current plane-by-plane imaging could be adapted to address questions such as hippocampal-prefrontal cortex interaction 17, 18 by rotating the probe from the current coronal orientation, synchronous volumic acquisition will become possible with future matrix-type probes. As it develops, mfUS imaging will become applicable to a wide range of protocols including complex behavioral tasks in healthy animals and neurovascular pathologies. online methods Animal preparation. All animals received humane care in compliance with the European Communities Council Directive of 2010 (2010/63/EU), and the study was approved by the institutional and regional committees for animal care. Male Sprague Dawley rats 10-12 weeks old and male GAERS rats (genetic absence epilepsy rats from Strasbourg) 8-16 weeks old underwent surgical craniotomy and implant of ultrasound-clear prosthesis. Anesthesia was induced with 2% isoflurane and maintained by ketamine/xylazine (80/10 mg per kg body weight), while body temperature was maintained at 36.5 °C with a heating blanket (Bioseb). A sagittal skin incision was performed across the posterior part of the head to expose the skull. Parietal and frontal flaps were excised by drilling and gently moving the bone away from the dura mater. The opening exposed the brain between the olfactory bulb and the cerebellum, from bregma +6 to bregma −8 mm, with a maximal width of 14 mm. Electrodes were implanted stereotaxically and anchored on the edge of the flap. A plastic sheet of polymethylpentene (PMP) was sealed in place with acrylic resin (GC Unifast TRAD), and residual space was filled with saline. We chose a prosthesis approach that offers a larger field of view and prolonged imaging conditions over 1-2 months compared to the thinned-bone approach 7 . Particular care was taken not to tear the dura in order to prevent cerebral damage. The surgical procedure, including electrode implantation, typically took 4-6 h. Animals recovered quickly, and after a conservative 1-week resting period, they were used for data acquisition.
In order to attach the ultrasound probe and connect the EEG electrodes before a recording session, rats underwent short anesthesia for 20-25 min with 2% isoflurane. Acoustic gel was applied on the skull prosthesis, and then the probe was inserted into the holder. The gel did not dry out even for extended recordings of up to 6-8 h. Animals were allowed to recover for 30 min before the recording session started.
Electrodes. The electrodes we used are based on regular polytrodes made of bundles of insulated tungsten wires, either multisite (for hippocampal theta) or bipolar (for epilepsy). The difference from standard design is the right-angle elbow that is formed before insertion in the brain (Supplementary Fig. 2 ). This shape allows us to anchor the electrodes on the skull anterior or posterior to the flap. Electrodes were implanted with stereotaxic-positioning micromotion and anchored one after the other; then the plastic film was applied to seal the skull. Two epidural screws placed above the cerebellum were used as reference and ground.
The intrahippocampal handmade theta electrode bundles are composed of 25-µm insulated tungsten wire, soldered to miniature connectors (Supplementary Fig. 3 ). Four to six conductive ends were spaced by 1 mm and glued to form 3-mm-long, 50-µm-thick bundles. The bundles were lowered in dorsal hippocampi at stereotaxic coordinates AP = −4, ML = ±2.5, DV = −1.5 to −4.5, in mm relative to bregma. Hippocampal theta rhythm was confirmed by phase inversion across recording sites in successive hippocampal layers, time-frequency decomposition, and coincidence with periods of exploration and navigation.
Cortical electrodes for absence epilepsy recordings comprised four bipolar electrodes implanted in the primary somatosensory cortex: S1BF = AP −3, L ± 5, DV −1.75 and S1Lp = AP +1, L ±6, DV −2, in mm relative to bregma.
Skull prosthesis. The prosthetic skull was composed of PMP (Goodfellow), a standard biopolymer used for implants. This material has tissue-like acoustic impedance, which allows undistorted propagation of ultrasound waves at the acoustic gel-prosthesis and prosthesis-saline interfaces. The prosthesis was cut out of a film of 125-µm thickness and sealed to the skull with resin.
Animal behavior. Animals for the maze experiment were trained before surgery. They were placed under a controlled water-restriction protocol (weight between 85% and 90% of the normal weight) and trained to run back and forth in a long rectangular maze for water reinforcement. The maze (225 cm × 20 cm) had 5-cm-high lateral walls and was placed 50 cm above ground. Drops of water were delivered through two small tubes coming out from the two end walls of the maze (Fig. 1b) . Each time the animal crossed the maze, a single drop of water was delivered in alternate water tubes by opening an electronically controlled pair of solenoid valves. Daily training lasted 30 min. Rats took about two sessions to reach a score of 60 maze travels and perform reliably, crossing the mid-maze at fast speed, but training was reinforced for at least two more days. Daily recording sessions lasted 20-30 min, depending on animal motivation. Because the acquisition in burst mode required 40 s for image reconstruction from ultrasound echoes, we could not capture every run. The number of runs acquired ranged from one-fourth to onehalf of all the runs, depending on animal performance and the timing of its spontaneous runs within the session. The data analyzed here were recorded in 12 sessions performed across 8 d. Epileptic animals were recorded in a regular housing cage with the cover removed.
Miniature ultrasound probe. The Ultrasonic probe (Vermon) is a linear array made of 128 transducers working at a 15-MHz central frequency (spatial pitch, 0.11 mm; transducer element, 2.000 × 0.110 mm 2 ; bandwidth, 46% at −6 dB, corresponding to 11-18 MHz). Image resolution is 0.110 × 0.110 mm 2 . This probe has an acoustic lens with an elevation focal distance of 8 mm and an elevation focal width of 400 µm, corresponding to the thickness of the imaging plane. The active part is embedded in 18.5-mm-diameter and 25-mm-length molded resin. A 150-cm cable length and 12-g probe weight ensure a good freedom and comfort to move for the animal. Compared to in previous work 5, 7 , the probe was miniaturized (Supplementary Fig. 1 ). Dimensions (in cm) were reduced from 15 (height), 6 (width), 2.5 (thickness) to 2.5 × 1.85 × 1.85. The weight (in g) was reduced from 250 to 12. The cable was made more flexible by reducing its diameter from 11.5 mm to 6.9 mm. All these improvements did not affect sensitivity of the transducer array and were required to perform such experiments on moving animals.
Penetration of the ultrasound waves across 15 mm of rat brain allowed us to image the rat brain at all depths (as shown in Fig. 1a , bottom image). More generally, depth of penetration decreases with higher frequencies (smaller wavelength), while resolution simultaneously increases. Thus, there is a trade-off between resolution and depth of penetration, and 15 MHz is optimal for rat brain.
Although we designed the probe, it was manufactured by specialist company Vermon. Interested labs are welcome to contact us to share our customized probe design considerations.
npg
Probe holder. The holder was made of two parts machined in Plexiglas for light weight and stiffness. First, a base plate with U-shaped side grooves, allowing translation of the mobile part, was attached to the head of the animal with three screws. Second, the mobile part presenting two sliding side edges was fitted into the base part. The probe was attached through a central opening in the mobile part. A linear servo motor (VS-19, Robotshop) was fixed to the mobile part and anchored on the base plate. It was controlled by custom-made electronics connected to the ultrasound scanner through USB port. Holder weight was 18 g, and overall size was 41-mm width, 34-mm length, 16-mm height. Digital information to reproduce the parts is provided as Supplementary Data.
The motor of the probe holder was controlled in steps of 125 µm. Motor accuracy was better than one step. The time to travel the range of 15 mm was about 2 s. There is no need for faster motion of the motor. Rather, when hemodynamics of distinct anatomical structures have to be compared, a better strategy is to rotate the probe to image a plane encompassing those structures. The current experimental limit for imaging lies not in drifts or instability of the electromechanical system but rather in the eventual leak in the prosthetic skull, generating gas bubbles that degrade imaging. This happens several weeks and up to 2 months after surgery. 5, 20 . The probe was driven by a fully programmable GPU-based ultrafast ultrasound scanner (Aixplorer, Supersonic Imagine) relying on 24-GB RAM memory. In burst mode we used an acquisition sequence of 6,000 frames at a rate of 500 Hz for a total acquisition time of 12 s. A manual trigger was given when the animal finished drinking water and turned around in position for the next run. In the continuous mode, we acquired 200 ultrasound images at 1-kHz frame rate for 200 ms, repeating every 3 s. In both burst mode and continuous modes, each frame is a compound plane-wave frame, that is, a coherent summation of beamformed complex in phase/quadrature images obtained from the insonification of the medium with a set of successive plane waves with specific tilting angles 21 . This compound plane-wave imaging technique enabled us to recreate a posteriori a good quality of focalization in the whole field of view with very few ultrasound emissions. Given the trade-off between frame rate, resolution and imaging speed, a plane-wave compounding using five 5°-apart angles of insonification (from −10° to +10°) was chosen. As a result, the pulse repetition frequency (PRF) of plane wave transmissions was equal to 8 kHz. In order to discriminate blood signals from tissue clutter, we high-pass-filtered the ultrafast compound Doppler frame stack using a fourth-order Butterworth filter (cutoff frequency, 50 Hz) along the temporal dimension, giving a high frequency in phase/quadrature frame stack whose energy in each pixel we then computed to build the ultrafast power Doppler fUS image. Some frames were discarded before being incorporated in a recording when they showed artifact echoes, which are caused by the animal bumping the probe against a hard surface such as cage or maze wall.
Ultrasound imaging. Vascular images were obtained via the ultrafast compound Doppler imaging technique
The signal measured by fUS and its sensitivity are presented in earlier theoretical and experimental work 6 . Briefly, fUS measures moving echogenic particles, that is, red blood cells, and thus corresponds to cerebral blood volume (CBV). Importantly, this proportionality is valid only if backscattering properties do not vary versus time. This assumption is valid while red blood cells backscattering properties such as hematocrit and shear rate remain time invariant, which is most likely.
Ultrasound sequences. Technical specifications of the scanner used here include 16×, 6 GB/s PCI express bus, 12 core 3-GHz Xeon processor, NVidia Quadro K5000 GPU with a bus at 173 GB/s, providing 2.1 teraflops. One current limitation of fUS is due to the transfer and processing time of the large amount of data required to form ('beamform') fUS images. Yet, this limitation does not stem from physical principles but rather from contingent hardware. Although increasing computing power and optimized software provide perspective for continuous monitoring at high speed (200 ms per image), the current technology allows continuous recording with a temporal resolution close to the time constant of neurovascular coupling (1-2 s) and further allows 'burst' capture for quick behavioral events such as running a maze (Supplementary Fig. 7) . The limitation for the continuous mode is the processing speed to transform a series of plane-wave acquisitions into compound images and then generate a fUS image. The limitation for the burst mode is the memory available to buffer plane wave images to later generate a movie of fUS images. Detailed codes and software for fUS acquisition are described in ref. Ultrasound stability and reproducibility. Stability during a recording session and across sessions is estimated from our recordings. Variation during a recording is exemplified in Figure 2b , with narrow s.d. around average traces. This indicates good stability during a recording session. Reproducibility across recordings is quantified in Figure 2c ,g, which summarize measures across all animals. It shows a good reproducibility.
We cannot completely exclude a contribution of a locomotion effect-for instance, due to higher heart rate during running. However, the maze task is not limited to running, as it involves navigation processing. Animals showed a learning curve when they were trained for the task. Furthermore, a locomotion effect would likely be uniform across the brain, whereas we found both increases and decreases in blood perfusion. Thus, such a potential effect is not strong enough to mask differential changes and dynamics across areas. Our animals did not engage in intensive motor activity, at least not above the requisite for most cognitive and pathology experiments. GAERS rats' seizures correspond to freezing behavior, and yet again they exhibited increases and decreases of similar amplitude compared to moving animals. This further supports that the technique can sense changes in perfusion unrelated to a locomotion effect.
EEG acquisition.
Intracranial electrode signals were fed through a high input impedance, DC-cut at 1 Hz, gain of 1,000, 16-channel amplifier and digitized at 20 kHz (Xcell, Dipsi), together with a synchronization signal from the ultrasound scanner. Custom-made software based on Labview (National Instruments) simultaneously acquired video from a camera pointed at the recording stage.
Contrary to fMRI, which generates a strong magnetic field, there is no such cause for artifact with ultrasound. A regular amplifier npg was used, and no additional electronic circuit for artifact suppression was necessary. A large-bandwidth amplifier was used, which can record both local field potentials (LFPs, 0.1-200 Hz) and multiunit activity (MUA, 200-2,000 Hz), although we did not need this later feature in the work presented here. The spatial resolution of LFPs remains controversial depending on recording location and parameters, with estimates ranging from 250 µm to several millimeters in radius. MUA radius of detection is around 70-200 µm.
Analysis algorithms.
In order to analyze series of trackcrossing trials, we aligned them by setting each trial reference time when the rat crossed the middle of the maze. Animal position was detected by applying a threshold on the image pixel intensity that distinguished the bright animal on dark background. Cumulative distance and maximum crossing speed were computed using the trajectory smoothed with a time constant of 0.5 s.
Ultrasound images were normalized according to the average value over all the nonrunning or nonseizing time, thus giving the relative change in vascular echo in percent of baseline. Paxinos-Watson atlas 19 images were superimposed using the cortex as the main landmark. Statistical significance on images used Bonferroni correction to account for the multiple testing over the large number of pixels.
EEG signal was filtered with a 6-to 9-Hz pass-band for hippocampal theta. The power of theta was computed as the square of the EEG signal integrated over a sliding window with characteristic width of 0.5 s.
Epileptic seizures were detected when EEG electrodes presented at least 3 s of spike wave at a rate above 5 Hz, whereas a spike-wave interval of 3 s discriminated consecutive seizures. Seizures were defined using the EEG signal alone and were always bilateral. Because we used bipolar recording that ensured locality of the EEG signal close to each recording bipolar electrode, and as it is well accepted, the electrographic signs of these seizures are bilateral. In Figure 2d we show in color code the Pearson's correlation coefficient between EEG-defined seizures and pixel intensity. This is how we determined the vascular correlate of seizures, which often appears to be asymmetric, contrary to the EEG.
Computation of Pearson's R correlation coefficient between EEG signal and mfUS pixel intensity was based on the theta power curve for the maze experiment. For the epilepsy experiment, pixel intensity was correlated to the seizure status function (1 inside seizure, 0 outside). Statistical testing was performed on Pearson's R coefficient using Student's t-distribution.
Statistics. We chose sample sizes that gave consistent estimates of distance traveled over time, maximum speed and seizure pattern. The number of animals (above 15), maze crossings (above 100), seizure recording sessions (18 and 65) and seizures (above 800) are sufficiently large to test these distributions with small s.d./mean. The effect of the recording procedure is very significant, although our point is that it is of small amplitude. In Figure 2 we stopped counting recordings when we realized that the distributions also had small coefficients of variation. The other figures did not require statistical testing.
For control experiments in Supplementary Figure 8 , all our available data were pooled, as the numbers are routinely generated by our analysis software. For Figure 2c ,g we stopped counting when we realized that the measures converged quickly, so that including more recordings did not change the results. This is a general preestablished criteria.
Experiments did not require randomization. Because quantification was performed by automated computer analysis, there was no need for blinding to group allocation. All statistics are given as mean ± s.d.
Code availability. Data were collected from ultrasound and video-EEG devices for off-line processing. We implemented the analysis software with Labview, and we provide sample data and code archive as a Supplementary Software 2. Moreover, example Matlab code for all post-processing steps presented in the paper are included as well in Supplementary Software 1. Probe motor controller microcode is provided in the Supplementary Note. We suggest that interested labs contact us for further information about the algorithms. 
